Abstract-The Tagish Lake carbonaceous chondrite exhibits a unique compositional heterogeneity that may be attributed to varying degrees of aqueous alteration within the parent body asteroid. Previous analyses of soluble organic compounds from four Tagish Lake meteorite specimens (TL5b, TL11h, TL11i, TL11v) identified distinct distributions and isotopic compositions that appeared to be linked to their degree of parent body processing (Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014) . In the present study, we build upon these initial observations and evaluate the molecular distribution of amino acids, aldehydes and ketones, monocarboxylic acids, and aliphatic and aromatic hydrocarbons, including compound-specific d 13 C compositions, for three additional Tagish Lake specimens: TL1, TL4, and TL10a. TL1 contains relatively high abundances of soluble organics and appears to be a moderately altered specimen, similar to the previously analyzed TL5b and TL11h lithologies. In contrast, specimens TL4 and TL10a both contain relatively low abundances of all of the soluble organic compound classes measured, similar to TL11i and TL11v. The organic-depleted composition of TL4 appears to have resulted from a relatively low degree of parent body aqueous alteration. In the case of TL10a, some unusual properties (e.g., the lack of detection of intrinsic monocarboxylic acids and aliphatic and aromatic hydrocarbons) suggest that it has experienced extensive alteration and/or a distinct organicdepleted alteration history. Collectively, these varying compositions provide valuable new insights into the relationships between asteroidal aqueous alteration and the synthesis and preservation of soluble organic compounds.
INTRODUCTION
The Tagish Lake meteorite, hereinafter referred to as "Tagish Lake" (TL), is an ungrouped type 2 carbonaceous chondrite with compositional similarities to both CI and CM chondrites (Zolensky et al. 2002) . The meteorite fell onto the surface of a frozen lake (Tagish Lake) in British Columbia on January 18, 2000 (Brown et al. 2000) . The first Tagish Lake specimens were collected from the ice surface without direct hand contact within only a few days of the fall and have since been stored below 0°C (Brown et al. 2000; Herd et al. 2016) . These specimens, most of which are currently housed in the Subzero Facility for Curation of Astromaterials at the University of Alberta, are considered the most well-preserved carbonaceous chondrite samples available for study (Hilts et al. 2014; Herd et al. 2016) . The low-temperature storage of these meteorite specimens aims to lower reaction rates, inhibit potential microbial growth, and retain intrinsic volatile organic species within the samples (Herd et al. 2016) . In addition to its unique collection and curation conditions, Tagish Lake has an unusual mineralogical, petrological, and geochemical heterogeneity that has been attributed to varying degrees of aqueous alteration across the parent body asteroid (Herd et al. 2011; Alexander et al. 2014; Blinova et al. 2014a Blinova et al. , 2014b Hilts et al. 2014) . Such variation within one single meteorite has not been observed before and affords the potential for an entirely new window into the chemical processes occurring in asteroid parent bodies.
Studies of several Tagish Lake fragments indicate that it is the most carbon-rich chondrite known to date (e.g., 5.8 wt% C; Grady et al. 2002) , it has an exceptionally low bulk density (1.6 g cm À3 ; Zolensky et al. 2002) and a high porosity (30-40%; Bland et al. 2004; Ralchenko et al. 2014) , and is highly friable compared to other carbonaceous chondrite samples (Zolensky et al. 2002; Herd et al. 2016) . The bulk mineralogy of the meteorite consists of olivine-and pyroxene-bearing chondrules, and isolated olivine and pyroxene grains and lithic fragments, set within a finegrained matrix of phyllosilicates (saponite and serpentine clays), sulfides, magnetite, and carbonates (Brown et al. 2000; Blinova et al. 2014a ). The first investigation of soluble organic compounds for a pristine Tagish Lake specimen identified a suite of organic compounds, including aliphatic and aromatic hydrocarbons, amino acids, mono-and dicarboxylic acids, pyridine carboxylic acids, and sulfonic acids (Pizzarello et al. 2001) . Subsequent organic analyses of Tagish Lake have focused primarily on four additional specimens-TL5b, TL11h, TL11i, and TL11v-which have been analyzed in detail for their mineralogical and chemical compositions (Herd et al. 2011; Glavin et al. 2012; Alexander et al. 2014; Blinova et al. 2014a Blinova et al. , 2014b Hilts et al. 2014) . Mineralogical indicators for aqueous alteration (e.g., increasing replacement of chondrule glass by phyllosilicates in combination with relatively low porosity and a lower proportion of amorphous silicate material) suggest that the degree of aqueous alteration for these specimens is in the increasing order of TL5b < TL11h ( TL11i (Herd et al. 2011) . TL11v is a disaggregated sample and appears to be a physical mixture of several lithologies (Blinova et al. 2014a ). On the basis of thermogravimetric analysis and infrared transmission spectroscopy, Gilmour et al. (2019) suggest that two additional specimens, TL4 and TL10a, are similar in degree of aqueous alteration to TL5b and TL11h. These authors find that the alteration within Tagish Lake is similar to the lesser altered members of the CM chondrites, and that Tagish Lake could be considered a type 1.6-2.0 ungrouped carbonaceous chondrite.
The soluble organic content of Tagish Lake and other carbonaceous chondrites provide a chemical record of the prebiotic synthesis reactions that took place throughout the early solar system during its formation and during subsequent parent body alteration. The origin and distribution of meteoritic organic compounds (e.g., amino acids, carboxylic acids, aldehydes, and ketones) are of interest for understanding the origin of life on Earth and the potential for life elsewhere, as these compounds are known precursors to several key biological molecules Sephton 2002; Glavin et al. 2018) . Amino acids, the building blocks of protein, may be synthesized via the Strecker-cyanohydrin reaction (Peltzer et al. 1984) . Through this reaction, an aldehyde or ketone reacts with ammonia in the presence of hydrogen cyanide (HCN) to form an a-amino acid. Other possible origins for meteoritic amino acids include the Michael-type addition of ammonia to unsaturated nitriles to yield b-amino acids (Cronin and Chang 1993) , reductive amination of keto acids (Huber and W€ achtersh€ auser 2003) , and CO 2 addition to amines (Hudson et al. 2009; Pietrucci et al. 2018) . Aldehydes and ketones, the Strecker amino acid precursors, are also potentially structurally related to carboxylic acidsthe building blocks of lipids-through oxidation/ reduction reactions.
Amino acids, carboxylic acids, and other aliphatic and aromatic organic species have been previously detected in Tagish Lake samples, and their total abundances, distributions, and isotopic compositions have been shown to vary widely across the range of lithologies (Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014) . In general, the samples more strongly affected by aqueous alteration (e.g., TL11i) have been shown to contain lower abundances of soluble organics, while the minimally/moderately altered samples (TL5b, TL11h) are relatively organic-rich. The amino acid compositions suggest that moderate aqueous alteration allows for optimal synthesis and/or preservation of amino acid molecules, and the compound-specific stable isotope ratios and enantiomeric compositions also appear to be influenced by the degree of aqueous alteration (Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014) . These cause and effect relationships, however, are difficult to assess without a larger data set to evaluate.
In the present study, we have built upon the initial investigations of Tagish Lake by exploring the soluble organic content of three meteorite specimens previously unstudied in terms of organic matter (TL1, TL4, and TL10a), including compound-specific carbon isotope analysis of amino acids, solid-phase microextraction (SPME) analysis of carboxylic acids, and dichloromethane (DCM) solvent extractions for determining the aliphatic and aromatic content of the samples. This study also includes the first analysis of aldehydes and ketones in the Tagish Lake meteorite and their measured compound-specific carbon isotope compositions. The d
13 C values reported here are discussed in comparison to the d 13 C values of other compound classes in the meteorite to evaluate their origins and investigate potential formation relationships. By comparing our soluble organic data with previous analyses, we aim to place TL1, TL4, and TL10a into the previously described sequence of aqueous alteration, taking into consideration that the variability observed may not only reflect distinct alteration histories but also a heterogeneous distribution of key chemical precursor compounds across the parent body asteroid.
MATERIALS AND METHODS

Chemicals and Reagents
All glassware and tools were wrapped in aluminum foil and heated at >450°C for a minimum of 6 h before use in order to remove organic contamination. All vials were capped with PTFE-lined lids. Standards and reagents were purchased from Sigma-Aldrich and Fisher Scientific. Ultrapure water (Millipore Direct Q3 UV, 18.2 MΩ, 3 ppb total organic carbon; hereafter referred to as "water"), HPLC grade DCM, double-distilled 6 M HCl, and O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine hydrochloride (PFBHA) of ≥99.0% purity were used. Stock aldehyde/ketone, carboxylic acid, and amino acid solutions were prepared by mixing individual standards (97-99% purity) in Millipore (18.2 MO) or doubledistilled water. The o-phthaldialdehyde/N-acetyl-Lcysteine (OPA/NAC) reagent used for amino acid derivatization was prepared by mixing 300 lL 0.1 M OPA in methanol, and then adding 670 lL 0.1 M sodium borate buffer (pH 9) and 30 lL 1 M NAC. A 0.1 M hydrazine (NH 2 NH 2 ) solution was prepared by double vacuum distillation of anhydrous hydrazine (98% purity) and subsequent dilution in water. The ammonium formate buffer used for the liquid chromatography time-of-flight mass spectrometry (LC-TOF-MS) analyses was prepared by NH 4 OH titration of a 50 mM formic acid solution to pH 8. Details regarding the preparation of solutions and the sources of specific five-carbon (C5) amino acids used as standards are available in Glavin et al. (2006) and Glavin and Dworkin (2009) .
Tagish Lake Samples and Procedural Blanks
Samples of three Tagish Lake specimens-TL1 (MET11611/P-1, original weight 157.8 g; 7.1 g total mass removed), TL4 (MET11611/P-4, original weight 60.0 g; 6.1 g total mass removed), and TL10a (MET11611/P-10a, original weight 111.0 g; 5.6 g total mass removed)-were provided by the Meteorite Collection, Department of Earth and Atmospheric Sciences, University of Alberta. All meteorite subsampling was carried out in the Subzero Facility for Curation of Astromaterials at the University of Alberta. The facility consists of a purified Ar glove box located within a walk-in freezer (<-10°C), providing an inert, low-temperature atmosphere for meteorite processing (Herd et al. 2016) . All Tagish Lake subsamples were interior chips that did not contain any visual evidence of fusion crust. Individual Tagish Lake subsamples for amino acid analysis of TL1 (3.615 g) and TL4 (2.589 g) were shipped to NASA Goddard's Astrobiology Analytical Laboratory for powdering, extraction, and analysis (see the Aldehydes and Ketones: Identification, Quantification, and d 13 C Analysis section). Subsamples for the amino acid analysis of TL10a (2.027 g), aldehyde and ketone analysis (TL1, 2.492 g; TL4, 2.457 g; TL10a, 2.386 g), carboxylic acid analysis (TL1, 0.490 g; TL4, 0.500 g; TL10a, 0.640 g), and DCM extractions (TL1, 0.500 g; TL4, 0.500 g; TL10a, 0.582 g) were powdered in the purified Ar glove box in the Subzero Facility for Curation of Astromaterials. For each type of soluble organic analysis, two procedural blanks were carried through the meteorite extraction procedure and sample work-up, unless noted otherwise. The procedural blanks included one solvent blank, containing no mineral component, and one mineral analog blank, consisting of~500 mg of Allende meteorite powder or serpentine mineral powder (heated at 450°C for >6 h prior to the extraction step to drive off organics).
Amino Acids: Identification, Quantification, and d
C Analysis
The TL10a specimen (see the Tagish Lake Samples and Procedural Blanks section) was extracted at the University of Alberta, as follows: The powdered sample was divided into four~0.5 g aliquots in glass vials. The glass vials were removed from the subzero purified Ar glovebox and kept cold until the powders were transferred to four 5 mL glass ampules. Of water, 2 mL was added to each ampule, the ampules were flamesealed, and the solutions were heated at 100°C for 24 h. The water extracts were centrifuged and the supernatants were combined. The residual solids were rinsed three additional times using 0.5 mL of water per rinse. The combined supernatants and rinses were evaporated to dryness using a rotary evaporator. The dried extract was then shipped to the NASA Goddard Astrobiology Analytical Laboratory for analysis, along with a dried procedural blank that was carried through the same procedure. The TL1 and TL4 meteorite chips (see the Tagish Lake Samples and Procedural Blanks section) were shipped directly to the NASA Goddard Astrobiology Analytical Laboratory for the water extraction and sample work-up, carried out as follows: TL1 and TL4 were powdered and homogenized using a mortar and pestle in a positive pressure ISO 5 HEPAfiltered laminar flow hood, and separated into~300 mg portions. The total masses of the samples after powdering were: 3.525 g for TL1 and 2.537 g for TL4. Each portion was extracted at 100°C for 24 h inside flame-sealed glass ampules each containing 1 mL of water. Extracts were separated from the residues by centrifugation, the residues were rinsed with water (3 9 0.5 mL), and the rinses were combined with the aqueous portion. The TL1 and TL4 extracts were divided into two equal portions; one portion was used for the analysis of free amino acids, while the other was subjected to acid-vapor hydrolysis using 6 M HCl (150°C for 3 h; Glavin et al. 2006) to determine the total (free plus hydrolyzable) amino acid content. Only the total amino acid content (no "free" amino acid data) was determined for sample TL10a. All of the unhydrolyzed and acid-hydrolyzed extracts were redissolved in water, desalted using cation-exchange resins, and derivatized using OPA/NAC, following protocols described elsewhere (Glavin et al. 2006 .
The derivatized amino acid content of the Tagish Lake samples and procedural blank was determined via UPLC-FD/ToF-MS using a Waters ACQUITY H Class UPLC with fluorescence detector and Waters Xevo G2 XS at NASA Goddard. The instrument parameters and analytical conditions used were similar to those described elsewhere (Glavin et al. 2006 . For the Xevo mass calibrations, an automatically applied lock mass of a fragment (278.1141 Da) of Leucine Enkephalin (0.09 lM in 50/50 acetonitrile/water with 0.1% formic acid) with a scan time of 1 s every 120 s was used. The capillary voltage was set to 1.2 kV. The amino acids and their enantiomeric ratios were quantified from the peak areas generated from both fluorescence detection and from the mass chromatogram of their OPA/NAC derivatives as described previously (Glavin et al. 2006) . The reported amino acid abundances are the average value of three separate UPLC-FD/ToF-MS measurements. The errors given are based on the SD of the average value of three separate measurements. The TL1 and TL4 values are blankcorrected to account for trace levels of contamination present in the blanks. The TL10a abundances were not blank-corrected as the procedural blank contained unusually high levels of terrestrial amino acids that did not appear to similarly affect the TL10a sample.
Sufficient compound abundances allowed carbon isotopic compositions (d 13 C) to be determined for glycine, b-alanine, and D-and L-alanine in both the unhydrolyzed and hydrolyzed TL1 extracts, and for ɣ-aminobutyric acid in the hydrolyzed extract. Nonhydrolyzed and hydrolyzed TL1 samples were dried down separately, as were procedural blanks. Each aliquot was dried under vacuum using a LabConco CentriVap centrifugal concentrator. Samples were esterified with isopropanol and the isopropyl esters reacted with trifluoroacetic anhydride (TFAA) using established methods (e.g., Elsila et al. 2009 ). The TFAA-isopropanol derivatives were dissolved in 5 lL of ethyl acetate (Fisher Chemical, Optima Grade). The d 13 C values of the TFAA-isopropanol derivatized samples were analyzed by gas chromatography coupled with mass spectrometry and isotope ratio mass spectrometry (GC-MS/IRMS), which provides compound-specific structural and stable isotopic information from a single sample injection. Details regarding the GC-MS/IRMS instrument, oven program, and data processing software are outlined in detail by Elsila et al. (2012) . The final d
13 C values of the amino acids in the samples and their precision were calculated as described elsewhere (Docherty et al. 2001; O'Brien et al. 2002; Elsila et al. 2009 ).
Aldehydes and Ketones: Identification, Quantification, and d
Tagish Lake powders (see the Tagish Lake Samples and Procedural Blanks section) were stored and sealed in individual glass vials and kept cold (<10°C) during shipment to the NASA Goddard Astrobiology Analytical Laboratory. At NASA Goddard, each sample was transferred to five 5 mL glass ampules iñ 0.5 g aliquots. Of water, 1 mL was added to each ampule, the ampules were flame-sealed and the solutions were heated at 100°C for 24 h. The water extracts were centrifuged and the supernatants were combined into one vial for each Tagish Lake specimen. The residual solids were rinsed three times each with 0.5 mL of water for each rinse. The supernatants were filtered through quartz wool to remove any solid remaining in suspension and the quartz wool filters were rinsed two times with~0.5 mL of water for each rinse. The combined water extracts and rinses resulted in final volumes of~13.5 mL for each specimen. The aldehydes and ketones in the water extracts were derivatized using an optimized EPA Method #556 for PFBHA derivatization (Simkus et al. 2019) as follows: 1 mL of 0.2 mg mL À1 PFBHA solution was added to each water extract. The solutions were agitated for 5 min and left to react for 24 h. One hundred microliters of 0.4 M HCl solution was added to each solution to quench the reaction and 2 mL of DCM was added to each solution to extract the derivatized carbonyl compounds. The solutions were shaken for 5 min and then left undisturbed for 30 min to allow the DCM and water layers to separate and settle. The DCM layers were extracted and acid-washed (3 mL of 0.4 M HCl). The DCM extraction of derivatized carbonyl compounds and subsequent acid-wash step was repeated for each specimen with another 2 mL of DCM. The 2 9 2 mL DCM extracts containing the carbonyl derivatives were concentrated down to 200 lL volumes under a stream of nitrogen and analyzed by GC-MS/IRMS.
The GC-MS analysis was carried out using a Thermo Trace GC equipped with a 5 m basedeactivated fused silica guard column (Restek, 0.25 mm ID) and three 30 m length 9 0.25 mm I.D. 9 0.5 lm film thickness Rxi-5ms capillary columns (Restek) connected using Press-Tight connectors (Restek). The GC oven program was set as follows: initial temperature was 40°C, ramped at 10°C min À1 to 160°C, ramped at 5°C min À1 to 190°C, ramped at 10°C min À1 to 290°C, and held for 7 min. The carrier gas used was ultrahigh purity helium (5.0 grade) at 2.6 mL min À1 flow rate. Triplicate injections (1 lL aliquots) of the oxime derivative solutions were made in splitless mode. The mass spectrum was used to identify and quantify the individual meteoritic carbonyl compounds by comparison to reference standards and applying a calibration curve. A targeted ion mass-tocharge ratio (m/z = 181.0) was used to identify and quantify compounds. Approximately 10% of the sample eluting from the GC column was directed into a Thermo DSQII electron-impact quadrupole mass spectrometer (ion source set at 200°C and 70 eV). The remaining 90% of each eluting compound was directed through a Thermo GC-C III interface for oxidation of the compounds to carbon dioxide. The carbon isotope analyses were then carried out on a Thermo MAT 253 IRMS. The d
13 C values of the eluting compounds were obtained after injection of three pulses of precalibrated CO 2 (d 13 C = -24.23& VPDB) into the IRMS and computation using Thermo Isodat 2.5 software. To correct for the amount of carbon added by the derivatization reagent, underivatized standards were analyzed on a Costech ECS 4010 combustion elemental analyzer (EA) connected to the IRMS. The final d
13 C values of the meteoritic aldehydes and ketones were calculated as described elsewhere (Docherty et al. 2001; Simkus et al. 2019 ).
Monocarboxylic Acids: SPME and GC-MS Powdered samples of TL1, TL4, and TL10a (see the Tagish Lake Samples and Procedural Blanks section) were kept cold (<0°C) until their immediate transfer to 5 mL glass ampules as~250 mg aliquots. Of water, 2 mL was added to each ampule, the ampules were flame-sealed, and the samples were heated at 100°C for 24 h. The water extracts were transferred to centrifuge tubes and the residual solids were rinsed three times each with~0.5 mL of water for each rinse. After centrifugation, the supernatants were transferred to round-bottom flasks. The precipitates were rinsed three times each with~0.5 mL of water for each rinse. Following the procedure described by Hilts et al. (2014) , the pH was adjusted to~11 using 6 M NaOH to convert the carboxylic acids to nonvolatile carboxylate salts. The solutions were reduced to <1 mL volumes using a rotary evaporator, and then the acids were regenerated by adjusting the pH to~2-3 using 6 M HCl. The final sample volumes were measured and recorded and the solutions were analyzed via SPME technique.
Gas chromatography separation of underivatized monocarboxylic acids was performed on an Agilent 6890N using a Nukol TM column (30 m length, 0.25 lm film thickness, 0.25 mm diameter). The SPME fiber (carbowax-polyethylene glycol [PEG] , 23-gauge needle, 60 lm thickness, 1 cm length fiber) was soaked in a sample solution for 10 min prior to manual GC injection. The GC injection port was held at 210°C and injection of the SPME adsorbed samples was performed using splitless mode. The initial oven temperature was set at 35°C and held for 1 min, after which the temperature was increased by 25°C min À1 to 135°C, then 1.5°C min À1 to 185°C, and then held at 185°C for 10 min. Helium was the carrier gas at a constant flow rate of 1.0 mL min À1 . Detection was performed using an Agilent 5975C mass selective detector (MSD). Carboxylic acids were identified by comparing retention times and mass spectra with those of a suite of reference standards. Quantifications were determined by applying standard calibration curves for each individual compound. A trace amount of formic acid and acetic acid was present in the procedural blanks. The abundances of formic acid and acetic acid in TL1 and TL4 were blank-corrected by subtracting these abundances from the calculated concentrations. Concentrations were not determined for TL10a.
DCM-Soluble Organic Compounds: GC-MS Analyses
Powdered samples of TL1, TL4, and TL10a (see the Tagish Lake Samples and Procedural Blanks section) were kept cold until their transfer to 20 mL vials. Of DCM, 15 mL was added to each vial and the samples were stirred at room temperature for 24 h in order to extract weakly polar aliphatic and aromatic species. Following the extraction step, the DCM extracts were transferred to separate vials. The residual solid was rinsed three times with 0.5 mL of DCM for each rinse. The extracts were evaporated to 200 lL volumes under a stream of N 2 and then analyzed using GC-MS. Gas chromatography separation was performed on an Agilent 6890N using a HP-5MS column (30 m length, 0.25 lm film thickness, 250 lm diameter) at MacEwan University. The initial oven temperature was 50°C and held for 1 min, after which the temperature was increased by 10°C min À1 to a final temperature of 250°C. The temperature was held at 250°C for 20 min for a total run time of 41 min. Helium was the carrier gas at a constant flow rate of 1.0 mL min À1 . Samples were injected using pulsed splitless mode at 275°C. Detection was performed using an Agilent 5975C MSD. Individual compounds were identified by analysis of the 2011 NIST Mass Spectral Library (version 2.0g).
RESULTS
Amino Acid Distributions, d 13 C Values, and Enantiomeric Compositions
The absolute abundances of amino acids in the nonhydrolyzed extracts of TL1 and TL4 ("free" amino acids) and 6 M HCl-hydrolyzed extracts of TL1, TL4, and TL10a ("total" amino acids) are reported in Table 1 . Examples of LC-FD chromatograms obtained for hydrolyzed extracts of the three Tagish Lake specimens and their corresponding blanks are shown in Fig. 1 . TL1 was notably rich in amino acids (~1874 ppb), while TL4 and TL10a were relatively depleted (~108 and~139 ppb, respectively). Acid hydrolysis resulted in similar increases in the abundance of glycine for both HCl-hydrolyzed samples (+133 ppb for TL1 and +72 ppb for TL4). TL1 also showed a substantial increase in the abundance of c-amino-nbutyric acid (c-ABA) following acid hydrolysis (free c-ABA abundance: 37.5 ppb; total c-ABA abundance: 431.7 ppb). TL4 and TL10a contained very similar amino acid distributions, both dominated by glycine and containing relatively low levels of other amino acids, while the hydrolyzed extract of TL1 contained relatively high abundances of b-alanine and c-ABA. Glycine, b-alanine, D,L-alanine, and c-ABA were present in sufficient abundances in TL1 to obtain their compound-specific d 13 C values ( Table 2 ). The d 13 C values for these amino acids span a wide range of positive values with c-ABA exhibiting the lowest value (+6&), followed by b-alanine (+16& and +22&). Glycine and alanine were similarly 13 C-enriched, with values ranging between +31& and +47&. The amino acid d
13 C values from the nonhydrolyzed and hydrolyzed TL1 extracts fall within error of one another for all measurements. Table 3 lists the measured enantiomeric ratios (D/L) for amino acids detected in TL1, TL4, and TL10a. Isovaline and b-amino-n-butyric acid (b-ABA) were near racemic (D/L ratios > 0.87) for all measurements. Glutamic acid exhibited an excess of the L-enantiomer for all measurements. Particularly low D/L ratios were measured for serine in all samples, and for valine in TL10a. Despite near-racemic values for alanine, b-ABA, and isovaline, the TL10a amino acids generally exhibited the lowest D/L ratios of the sample set (e.g., valine and aspartic acid).
Aldehyde and Ketone Distributions and d
C Compositions
The sum total abundances of aldehydes and ketones steadily decrease from TL1 to TL10a to TL4 (Table 4 ). The three specimens contained similar suites of carbonyl compounds, with the exception of the relatively high abundance of acetaldehyde detected in TL1 and the absence of butyraldehyde and acetophenone in TL10a. Formaldehyde, acetaldehyde, and acetone were present in sufficient abundances in all three samples to obtain compound-specific d 13 C measurements (Table 4) . Several of the carbonyl derivative peaks partially coeluted with either the unreacted PFBHA reagent or unknown organic compounds present in the samples. These partial co-elutions are noted in Table 4 . The aldehyde and ketone d C values were relatively consistent across the Tagish Lake specimens, the acetaldehyde d
13 C values varied from À23.3& to À0.3&, becoming progressively more 13 C-enriched from TL4 to TL10a to TL1.
Monocarboxylic Acid Distributions
Monocarboxylic acids were detected in all three Tagish Lake specimens (Fig. 2) . The most abundant acids in samples TL1 and TL4 were quantified by comparison to a series of reference standard curves (Table 5) . Overall, TL1 is rich in monocarboxylic acids (>633 ppm) in comparison to TL4 (>474 ppm). Despite having similar concentrations for formic acid, TL1 and TL4 contain different relative abundances of the other carboxylic acids; TL1 contains relatively high abundances of acetic acid (225 ppm), propanoic acid (34 ppm), and trace amounts of higher molecular weight acids, while TL4 is relatively depleted in acetic acid (94 ppm) and lacks higher molecular weight compounds, aside from benzoic acid (2.0 ppm) and a trace amount of octanoic acid. The TL1 and TL4 abundances for formic and acetic acid have been corrected to account for the trace amounts of formic acid (0.6 lmol) and acetic acid (1.5 lmol) present in the mineral analog blank. Unlike TL1 and TL4, the monocarboxylic acids in the TL10a sample appeared to be primarily terrestrial in origin; the only monocarboxylic acids detected in TL10a were acetic, hexanoic, heptanoic, and octanoic acid-all compounds present in the mineral analog blank (Fig. 2) . Thus, monocarboxylic acids were not quantified in TL10a and were excluded from further discussions throughout this work. Benzoic acid appears to be intrinsic to TL10a as it was not present in the procedural blank.
DCM-Soluble Organic Compounds
The GC-MS chromatograms for the DCM extracts of samples TL1, TL4, and TL10a are Table 1 . Amino acid abundances (ng g À1 ) from nonhydrolyzed ("free") and 6 M HCl-hydrolyzed ("total") hot-water extracts. Hydrolyzed TL1 contained trace amounts of D-and L-isovaline that could not be quantified as they co-eluted with a relatively large D,L-3-apa peak.
illustrated in Fig. 3 . Table 6 lists the weakly polar aliphatic and aromatic species identified in the extracts by reference to the NIST Mass Spectral Library. Confidence values reported by the NIST Library for compound identifications ranged from <20% to 60% for aliphatic and monoaromatic compounds and from 35% to 60% for polycyclic aromatic hydrocarbons (PAHs). The compositions of TL1 and TL4 are nearly identical in terms of similar abundances of weakly polar aliphatic hydrocarbons. The NIST Mass Spectral Library identified some PAHs (naphthalene, fluoranthene, pyrene) which were absent in both the TL4 and TL10a samples. Peaks 1, 2, 6, 7, 18, and 21 (identified by the NIST Mass Spectral Library as 3,5,5-trimethyl-2-hexene, 1,2,3,4,5-pentamethyl-cyclopentane, 2,4,4-trimethyl-1-hexene, undecane, and dodecane) in the TL1 and TL4 samples were also present in similar Table 1.   Table 2 . Compound-specific carbon isotopic measurements (& VPDB) of amino acids from the nonhydrolyzed ("free") and 6 M HCl-hydrolyzed ("total") hot-water extracts of Tagish Lake specimen TL1, compared to the previously analyzed specimens TL5b and TL11h (data from Glavin et al. 2012 
abundances in the corresponding procedural blanks and are, therefore, presumed to be terrestrial contaminants. The TL10a sample appeared to be devoid of aliphatic and aromatic compounds; the DCM extraction only yielded a large elemental sulfur (S 8 ) peak and two small peaks identified by the NIST Mass Spectral Library as 4-methyl-2-pentanol and 2-ethyl-1-hexanol. These two peaks were observed in similar trace abundances in the corresponding procedural blanks and are assumed to be terrestrial in origin. Consistent with these results, a similar DCM extraction on a separate subsample of TL10a (0.414 g) yielded no detectable aliphatic or aromatic organic compounds. Based on the GC-MS peak areas of S 8 (eluting at~19.4 min), TL1 and TL10a yielded similar abundances of dissolved sulfur (S 8 ), while TL4 yielded a notably smaller abundance.
DISCUSSION General Observations and Total Soluble Organic Contents
The Tagish Lake specimens TL1, TL4, and TL10a were selected for this study based on macroscopic differences observed in hand-sample (i.e., presence or absence of chondrules, grain size, etc.), with the aim to cover the full range of lithological and chemical compositions contained within the Tagish Lake meteorite. In terms of macroscopic appearances, Table 3 . Amino acid enantiomeric ratio (D/L) measured in the nonhydrolyzed ("free") and 6 M HCl-hydrolyzed ("total") hot-water extracts of TL1, TL4, and TL10a. 
B.
samples TL1 and TL10a appear similar to TL5b and were, therefore, originally both priority samples for targeting relatively high abundances of organic compounds. In comparison to the TL1 and TL10a lithologies, the TL4 specimen was relatively indurated and difficult to subsample and powder, consistent with the observation of a relatively low abundance of soft phyllosilicate minerals (saponite and serpentine clays) and amorphous material (Gilmour et al. 2019) . TL4 also has a uniquely high porosity (36% versus 30% for the rest of the sample suite; Ralchenko et al. 2014) , suggesting that the primary pore spaces have remained devoid of secondary sheet silicates (Blinova et al. 2014a ).
The relatively low abundance of secondary minerals suggests that TL4 has experienced a relatively low degree of aqueous alteration compared to the other two specimens (Gilmour et al. 2019) . Concurrent hot-water extractions of TL1, TL4, and TL10a revealed another notable difference in their compositions, as evidenced by varying amounts of a dark, water-insoluble film in the extracts (Fig. 4) ; larger amounts of the oily film in the TL1 extract suggests that the specimen has a relatively higher water-insoluble organic content. The soluble organic data for the three newly analyzed Tagish Lake specimens can be described as two general groupings based on total abundances of organics, i.e., (1) sample TL1, containing a relatively high overall soluble organic content and sharing compositional similarities with the previously analyzed Tagish Lake lithologies TL5b and TL11h (Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014) , and (2) samples TL4 and TL10a, which were found to be generally depleted in soluble organic compounds. The composition of TL1 appears to reflect the previously described "sweet spot" of aqueous alteration, whereby an intermediate level or extent of alteration allows for synthesis and preservation of large abundances of soluble organics, while the lower and higher endmembers of the alteration sequence either result in poor production or poor preservation of the compounds (Herd et al. 2011) . The sum total of amino acids (~1874 ppb) and carboxylic acids (~634 ppm) in TL1 is intermediate between those of the previously analyzed TL5b and TL11h samples, which have been discussed as having experienced moderate levels of alteration (Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014) . Although TL4 and TL10a resemble the previously analyzed TL11i specimen in terms of low total abundances of organic compounds, there are several notable differences in their compositions, potentially indicating unique alteration histories. Here, we discuss in detail the distribution of a range of compound classes in Tagish Lake, aiming to elucidate formation mechanisms and to gain insight into which conditions were most influential in yielding relatively high abundances of organics in TL1.
Amino Acid Synthesis and the Influence of Aqueous Alteration
The amino acid content of the Tagish Lake meteorite has been shown to vary widely across the Total abundances for TL5b, TL11h, TL11i, and TL11v include monocarboxylic acids that were not identified in TL1 and TL4 (not listed here). Fig. 2 . GC-MS chromatograms for SPME analyses of hot-water extracts of (A) TL1, TL4, and the corresponding Allende mineral analog blank; and (B) TL10a and the corresponding Allende mineral analog blank. Water extractions were carried out on similar masses for the three specimens: 0.490 g of TL1, 0.500 g of TL4, and 0.640 g of TL10a. The final sample volumes are: 1.56 mL for TL1, 2.30 mL for TL4, and 1.52 mL for TL10a. All analyses were carried out using the same laboratory procedure. Any observed differences in composition between the procedural blanks are attributed to temporal variations of background levels of organics within the laboratory and/or reagents. Peak identifications (1) acetic acid, (2) formic acid, (3) propanoic acid, (4) butanoic acid, (5) pentanoic acid, (6) hexanoic acid, (7) heptanoic acid, (8) octanoic acid, (9) benzoic acid, (X) reagent or contaminant present in the sample and corresponding blank, (A) aliphatic carboxylic acid not present in corresponding blank, (U) unknown compound not present in corresponding blank. Peaks representing formic, acetic, propanoic, hexanoic, heptanoic, octanoic, and benzoic acid were identified by comparison to retention times and mass spectra of carboxylic acid reference standards. Unknown aliphatic carboxylic acids (A) were identified based on best matches reported by the NIST Mass Spectral Library.
range of lithologies, not only in terms of total abundances but also in terms of the amino acid distributions and their compound-specific carbon isotope compositions (Pizzarello et al. 2001; Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014) . The molar relative abundances (glycine = 1.0) of the common meteoritic amino acids c-ABA, a-alanine, b-alanine, a-AIB, and isovaline (Fig. 5 ) illustrate this variability across Tagish Lake specimens. The amino acid composition of TL1 is unique in that it contains particularly high absolute abundances of b-alanine and c-ABA (Table 1) ; TL1 has the highest reported abundances for these two compounds in Tagish Lake so far. The bulk of the c-ABA in TL1 was observed only in the acid-hydrolyzed sample, suggesting that the compound was present as a labile amino acid polymer that was converted to c-ABA upon acid hydrolysis (Cronin 1976; Glavin et al. 2011) . Unlike TL5b and TL11h, isovaline and a-AIB, common a-amino acids in CM chondrites, are present in only trace amounts in TL1. A similar amino acid composition has been observed for the CI chondrites Orgueil and Ivuna (Ehrenfreund et al. 2001) ; their relatively high abundances of b-alanine and c-ABA and relatively low abundances of a-amino acids were attributed to amino acid synthesis in low-temperature conditions and/or in the absence of Strecker a-amino acid precursors (e.g., HCN). The latter scenario is consistent with the relatively high abundance of aldehydes and ketones observed in TL1, as aldehydes and ketones could have remained unreacted if the other Strecker precursors (e.g., HCN) were limiting in the system. The collective data suggest that Strecker synthesis was not the dominant reaction involved in amino acid production in Table 6. TL1, but rather a process such as Michael addition or decarboxylation/deamination of dicarboxylic or diamino acids, which would result in relatively higher abundances of b-and c-amino acids, respectively (Elsila et al. 2016) . The previously analyzed TL11h and TL5b samples are similarly enriched in b-and c-amino acids, Table 6 . Weakly polar aliphatic and aromatic compounds and S 8 detected in DCM extracts of samples TL1, TL4, and TL10a. Compound identifications are best matches reported by the NIST Mass Spectral Library. Confidence level reported by the NIST Mass Spectral Library <20% probability. Fig. 4 . Flame-sealed glass ampules containing aldehyde and ketone water extracts of samples (from left; five ampules each) TL10a, TL1, and TL4. All three Tagish Lake samples contained a dark nonpolar oily residue that was insoluble in water and that naturally separated from the solution as a film on the ampules' inner glass surfaces. The TL1 extract was particularly oily compared to those of TL10a and TL4.
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and also contain relatively more a isomers, suggesting that they have recorded some additional input from Strecker synthesis type reactions. Despite their similarly low total abundances of amino acids, TL4 and TL10a are unlike TL11i in terms of the relative abundances of glycine. Both TL4 and TL10a are dominated by glycine (at 90 and 70 mole%, respectively), whereas glycine in TL11i only comprised 27 mole% of the amino acid content, implying that the low abundances of amino acids in TL4 and TL10a resulted from distinct processes than those that affected the composition of TL11i. This observed difference in composition is perhaps unsurprising for TL4, as the TL4 specimen shows several characteristics (e.g., low abundance of phyllosilicates and high porosity) that suggest that it has experienced a unique alteration history (Gilmour et al. 2019) . In contrast, the amino acid composition of TL10a is more difficult to explain given its overall similarity in mineral abundance to (and inferred degree of aqueous alteration with) specimen TL5b (Gilmour et al. 2019) .
The amino acid compositions observed in the present study and previously for Tagish Lake samples exhibit some inconsistencies compared to general trends observed among carbonaceous chondrites. For example, the high relative abundances of c-ABA and b-alanine observed in what are interpreted as moderately altered samples (TL1 and TL5b) is unusual; generally, higher relative abundances of b-and c-amino acids are considered indicators of higher levels of aqueous alteration Glavin et al. 2011; Elsila et al. 2016; Modica et al. 2018 ). TL4 and TL10a are also unusual as their amino acid compositions are nearly identical, despite some clear differences in their organic contents and bulk properties. Our amino acid data suggest that aqueous alteration may not have been the sole factor influencing the type, extent, and duration of amino acid synthesis taking place in the Tagish Lake parent body asteroid and that perhaps other factors played a more significant role (e.g., the presence or absence of organic precursors). The mobilization and, thus, the availability of key precursor compounds (e.g., aldehydes/ketones, HCN/NH 4 , aliphatic hydrocarbons) would have been directly affected by aqueous alteration processes, so these potential influences would have been interconnected to some extent. However, our results suggest that a particular degree of aqueous alteration does not necessarily dictate the types of amino acids that are synthesized in the Tagish Lake meteorite and that some mechanisms of amino acid synthesis may be decoupled from aqueous alteration processes.
The D/L enantiomeric ratios for the amino acids in TL1, TL4, and TL10a (Table 3) are generally consistent with what has been observed previously for Tagish Lake samples; near-racemic values for alanine, b-ABA, and isovaline, and low D/L ratios for glutamic acid, serine, and valine have been observed consistently across Tagish Lake specimens . Without isotopic data for glutamic acid, serine, and valine in the present study, we are unable to fully evaluate whether the low D/L ratios are inherent to the meteorite or whether they indicate a terrestrial input prior to sample analysis. However, the careful collection and curation history of the Tagish Lake meteorite support a meteoritic origin. The measured excesses of the L-enantiomer are potentially derived from extraterrestrial processes (e.g., amplification of conglomerate crystals; Glavin et al. 2012 ) and 13 Cenriched values for amino acids with L-enantiomeric excesses's in previously analyzed Tagish Lake samples support this theory . The relatively high D/L ratios observed for aspartic acid in TL1 and TL4 in this study compared to previously analyzed specimens may reflect a lower degree of aqueous alteration experienced by these two samples, as L-enantiomeric excesses are thought to be amplified via aqueous alteration . Figure 6 compares the compound-specific carbon isotope compositions of amino acids in TL1 with previous measurements from samples TL5b and TL11h . Similar to the total amino acid 13 C values exhibit a general trend toward more 13 C-depleted compositions from TL5b to TL1 to TL11h (Fig. 6 ). Exceptions to this trend are the glycine and hydrolyzed b-alanine values of TL5b which overlap with TL1 values within error, and the c-ABA values for TL1 and TL11h, which also overlap within error. The differences in amino acid d
13 C values between TL5b and TL11h have been previously discussed by Glavin et al. (2012) ; the more 13 C-depleted values were interpreted as indicating more extensive aqueous alteration and/or a secondary pulse of alteration. However, there are other possible explanations for the differences observed. Relatively 13 C-depleted amino acid compositions (e.g., in TL11h) could indicate a 13 Cdepletion of the source/precursor (e.g., 13 C-depleted aldehydes, ketones, imines, and/or HCN). The relatively 13 C-depleted amino acids in TL11h could also indicate a greater fractionation effect associated with the reaction due to lower temperature conditions (Sephton and Gilmour 2001) . Alternatively, the TL11h amino acids may have been synthesized first, followed by TL1 and then TL5b; in theory, as preferentially 13 C-depleted amino acids are synthesized (e.g., amino acids in TL11h), the isotopic composition of the Strecker source/precursor would shift toward a more 13 Cenriched composition and the subsequently synthesized amino acids would reflect that shift (e.g., amino acids in TL1 and TL5b). This scenario, however, is only applicable if TL1, TL5b, and TL11h were all part of highly interconnected closed system. Last, the d
13 C values could indicate that the amino acids in TL1 and TL5b were fractionated (shifted toward more 13 Cenriched compositions) as 12 C-containing amino acids were preferentially consumed or degraded during subsequent chemical reactions. The fact that the TL1 and TL11h c-ABA values share a common carbon isotope composition is consistent with this theory, as the bulk of the c-ABA detected in both specimens was released during hydrolysis, suggesting that the c-ABA may have been minerally bound and not chemically available for postsynthetic reactions.
The Origin of Aldehydes and Ketones in the Tagish Lake Meteorite
The relative abundances of aldehydes and ketones in the Tagish Lake specimens (Table 4) Henkel et al. 1980 Henkel et al. , 1982 . As was proposed for aldehydes and ketones in the Murchison meteorite, the meteoritic carbonyl compounds detected here are likely derived from secondary formation processes during aqueous alteration in the asteroid. The relative 13 C-depletion of the Tagish Lake samples compared to the Murchison sample indicates one or more of the following. (1) The Tagish Lake alteration temperatures were lower, resulting in greater isotopic fractionations, (2) that Tagish Lake has experienced more excessive chemical processing via secondary aqueous alteration reactions, or (3) that the carbon measured in Murchison and Tagish Lake are derived from different starting pools.
If Strecker synthesis reactions involve significant isotope fractionations, the a-amino acid products are expected to be relatively 13 C-depleted in comparison to their aldehyde and ketone precursors, as the lighter isotope of carbon ( 12 C) would be preferentially converted to amino acids through the reaction. Based on their 13 C-enriched values (Fig. 7) , glycine and alanine detected in TL1 are not products of Strecker synthesis reactions involving the formaldehyde and acetaldehyde detected in the TL1 specimen. The aldehydes and ketones do not appear to be primordial, but rather are likely derived from secondary alteration reactions in the parent body asteroid. The isotopic separations between the TL1 amino acid d 13 C ratios and the corresponding TL1 aldehyde and ketone d 13 C ratios are large (D[glycine-formaldehyde]~70& and D [alanine-acetaldehyde]~40&), potentially representing isotopic fractionations associated with decomposition of amino acids in low-temperature conditions. Oxidation of the IOM associated with secondary aqueous alteration may be an additional source of meteoritic aldehydes and ketones (Cody and Alexander 2005) . The differing amounts of the oily residue present in the Tagish Lake water extracts (Fig. 4 ) seem to correlate with the total abundances of aldehydes and ketones measured for each specimen, suggesting that there may be a relationship between the IOM/aromatic carbon content and carbonyl content for these samples.
Variations in Monocarboxylic Acid Contents
The monocarboxylic acid content of the Tagish Lake samples, specifically the abundance of acetic acid, may be used to group the samples into two categories, specimens with relatively high abundances of acetic acid (225-293 ppm; TL5b, TL1, and TL11h) and specimens with lower abundances of acetic acid (71-94 ppm; TL4, TL11i, and TL11v) (Herd et al. 2011; Hilts et al. 2014 ) ( Table 5 ). The moderately altered specimens (TL1, TL5b, TL11h) exhibited the highest total abundances, while the minimally altered (TL4) and heavily altered (TL11i, TL11v) specimens yielded lower total abundances. These observations suggest that at least a proportion of the monocarboxylic acids are derived from alteration-driven reactions, such as oxidation of aldehydes (Corey et al. 1968) or oxidation of the macromolecular organic matter (Oba and Naraoka 2006) . Extensive aqueous alteration (e.g., TL11i, TL11v), however, may have been detrimental to the preservation of these compounds.
Acetic acid is commonly the most abundant monocarboxylic acid detected in hot-water extracts of carbonaceous chondrite samples (Krishnamurthy et al. 1992; Naraoka et al. 1999; Huang et al. 2005; Oba and Naraoka 2006) . The Tagish Lake specimens, however, exhibited relatively higher abundances of formic acid. This difference in relative abundances observed across studies may be a result of differences in methodologies and/or meteorite storage conditions (Hilts et al. 2014 ). 
Aldehydes and Ketones
Carboxylic acids (Hilts et al., 2014) Insoluble organic matter , and TL10a (this study); the corresponding amino acids for TL1 (this study); the corresponding carboxylic acids from previously analyzed specimens (Hilts et al. 2014) ; and insoluble organic matter (Herd et al. 2011) . Two acetaldehyde data points for a single Tagish Lake specimen represent the (E) and (Z) isomers. Two alanine data points represent the D-and L-enantiomers.
TL1 and TL4 contain the highest abundances of formic acid observed to date for the Tagish Lake meteorite. The relatively high concentrations of formic acid detected in TL1 and TL4 may reflect the importance of maintaining low-temperature storage conditions during subsampling and powdering; the samples were kept cold right up until the water extraction step, including the powdering step. TL10a did not contain any detectable formic acid in either of the two water extracts suggesting that the specimen does not contain intrinsic formic acid. In fact, the bulk of the monocarboxylic acids detected in the TL10a samples may be terrestrial in origin based on comparisons with the procedural blanks, suggesting that TL10a does not contain intrinsic carboxylic acids, with the exception of benzoic acid and potentially a trace amount of acetic acid. These observations alone suggest that TL10a is a relatively highly altered sample and that the lower molecular weight carboxylic acids degraded and/or were mobilized during parent body aqueous alteration. The presence of benzoic acid is consistent with this theory, as it is relatively less labile/less soluble in water in comparison to the carboxylic acids detected and is less likely to be mobilized by water during periods of alteration. We also consider the possibility that the lack of monocarboxylic acids in TL10a is due to the absence of key precursor compounds (see the next section).
Weakly Polar Aliphatic and Aromatic Compounds
The DCM solvent extractions and analyses of TL1, TL4, and TL10a yielded two notable differences in their organic contents (Fig. 3, Table 6 ). (1) TL1 contained several PAHs (naphthalene, fluoranthene, pyrene), while free PAHs were absent from both TL4 and TL10a. This observation is consistent with the relatively higher abundance of a nonpolar, "oily" supernatant in water extracts of TL1 (Fig. 4) and (2) two separate DCM extractions (Fig. 3) revealed that the TL10a specimen has a unique composition that is essentially devoid of weakly polar aliphatic hydrocarbons.
The presence of PAHs in TL1 and the absence of PAHs in TL4 and TL10a may provide some important insight into the alteration history of these three samples. PAHs are most often discussed as having a preaccretionary origin, synthesized in low-temperature interstellar clouds or circumstellar environments prior to the formation of the solar system (Gilmour 2003) . However, PAHs may also be derived from oxidation of the IOM during aqueous alteration on the parent body asteroid (Wing and Bada 1992) . The absence of PAHs in TL4, which appears to be minimally aqueously altered, suggests that the PAHs in the Tagish Lake meteorite were primarily synthesized during aqueous alteration; if the PAHs were pre-accretionary in origin, we would expect them to be detectable in the minimally altered samples as well. For a comparison to other Tagish Lake lithologies, the previously analyzed TL5b specimen contained many PAHs (e.g., branched isomers of naphthalene, and pyrene), while TL11h contained naphthalene only, and TL11i contained no PAHs at all (Hilts et al. 2014) . The presence of PAHs in the midsequence samples (TL1, TL5b, TL11h) and the absence of PAHs in the endmember samples (TL4, TL11i, and possibly TL10a) suggest that, similar to other organic compound classes, there may be a "sweet spot" for the production and preservation of free PAHs via aqueous alteration that is reflected in TL1, TL5b, and TL11h. The relatively high free PAH content observed for TL1, TL5b, and TL11h may have played a role in yielding alteration-derived organics (e.g., carboxylic acids or aldehydes/ketones) in these three specimens.
Collectively, the absence of weakly polar aliphatic hydrocarbons, PAHs, and intrinsic carboxylic acids, and the presence of amino acids, aldehydes, and ketones (in low abundances) in TL10a suggest that TL10a has a unique and unusual alteration history. The alteration processes in TL10a appear to have favored the production and/or preservation of amino acids and aldehydes/ketones over other compound classes. Without carbon isotope analyses for the amino acids in TL10a, it is difficult to assess the origins of these compounds and whether the amino acids, aldehydes, and ketones in TL10a share a common synthetic relationship. However, given the low soluble organic content of this specimen, we hypothesize that, at some point, TL10a experienced a pulse of aqueous alteration at elevated temperatures or with a high water/rock ratio that resulted in the degradation and/or mobilization of most soluble organics. If this is true, then the amino acids, aldehydes, and ketones detected in TL10a may have been introduced to TL10a via mobilization from another region of the asteroid. Alternatively, the amino acids may not be as directly influenced by aqueous alteration as previously thought; it is possible that these compounds were synthesized via a mechanism that does not require the presence of liquid water, though the presence of aldehydes and ketones in TL10a is more difficult to interpret without an alteration-driven reaction. Whatever the mechanisms involved, the disparity in the complement of soluble organic compounds between TL10a and mid-sequence specimens (e.g., TL5b, TL11h), coupled with the similarities in mineralogical indicators of degree of aqueous alteration (Gilmour et al. 2019) , support the unique alteration history for this specimen.
The high abundances of soluble organics present in TL1 and the low abundances observed in TL4 support the idea of an optimal degree of aqueous alteration for producing and preserving high abundances of prebiotic compounds. Our data are also consistent with the parent body asteroid being an interconnected system that has experienced some fluid flow rather than static aqueous alteration, as we seem to have observed some loss or mobilization of organics across Tagish Lake specimens (e.g., TL10a). Further interpretation may require some evaluation of which specific factors determine the "degree" of parent body aqueous alteration, as variations in water/rock ratios, duration of alteration, and alteration temperatures may have very different effects on the soluble organic chemistry.
CONCLUSIONS
The three newly analyzed Tagish Lake specimens yielded unique soluble organic contents that suggest distinct parent body alteration histories. The distribution and abundances of amino acids, carboxylic acids, and weakly polar aliphatic and aromatic hydrocarbons in TL1 resembled the soluble organic contents of the previously analyzed TL5b and TL11h (Herd et al. 2011; Glavin et al. 2012; Hilts et al. 2014 ); TL1 exhibited relatively high abundances soluble organic compounds and appears to reflect a "sweet spot" of aqueous alteration that did not result in significant degradation or loss of alteration-derived organics. TL4, which appears to be a minimally altered sample, yielded very low abundances of organics, supporting the theory that many of the soluble organics observed in the Tagish Lake meteorite are primarily generated via alteration-driven reactions. In contrast, specimen TL10a lacks both monocarboxylic acids and weakly polar aliphatic and aromatic compounds, and contains low abundances of amino acids, aldehydes, and ketones, and has therefore experienced a higher degree of alteration and/or a distinct, soluble organicdepleted alteration history.
